The data (code) underlying the results presented in the study are available from <https://github.com/keesmcgahan/TRPM8-Model>.

Introduction {#sec001}
============

With the progress being made in genomics and molecular genetics recently there has never been a better time to explore the nervous system and its disorders. One approach to investigating the nervous system is to focus on individual neurons and determine their contribution to the entire complex. The key to this approach is creating a functional profile of the neurons and breaking them into categories or classes. This technique revolves around either identifying the types of compounds that activate the neuron, or the types of receptors and ionic channels on the cell's surface \[[@pone.0237347.ref001]\].

One such classification technique is constellation pharmacology, a technique which was recently utilized to further the understanding of cold thermosensors \[[@pone.0237347.ref002]\]. These dorsal root and trigeminal ganglion neurons are characterized by responsiveness to ATP, menthol, mustard oil, and a varying range of cold temperatures. This varying range of temperature activation has lead to describing the receptiveness of these neurons to temperature as either high or low threshold. The low threshold cold responsive neurons are typically described to activate between 20°C and 30°C while the high threshold neurons respond to temperatures between 8°C and 20°C \[[@pone.0237347.ref002]--[@pone.0237347.ref005]\]. These threshold levels have been used to divide cold responsive neurons into two classes: cool thermoreceptors and cold nociceptors \[[@pone.0237347.ref003], [@pone.0237347.ref006]\].

The process of discovering the ion channels that categorize these cold thermosensors has also begun to shed light on this temperature threshold difference. One critical defining feature of these cold sensors was found to be the presence of TRPM8, a channel from the transient receptor potential superfamily \[[@pone.0237347.ref005], [@pone.0237347.ref007]\]. These channels are voltage gated with their open probability influenced by multiple things, but primarily temperature. While TRPM8 has been marked as a critical channel in defining cold responsive neurons, TRPA1 and *Na*~*v*~1.8, a cold insensitive sodium channel, are believed to play roles at extreme low temperatures \[[@pone.0237347.ref005], [@pone.0237347.ref006]\]. In addition to these cold specific ion channels, voltage gated potassium channels have also been hypothesized to influence the temperature threshold level of activation \[[@pone.0237347.ref002], [@pone.0237347.ref008]\]. In particular, it is thought that the ratio of TRPM8 channel to *K*~*v*~1 potassium channel density controls the threshold level. It has been shown that blocking TRPM8 channels can force a neuron to switch to a higher threshold and then applying an additional blocker of *K*~*v*~1 channels can restore the neuron to its initial threshold level \[[@pone.0237347.ref008]\].

Although a multitude of labs have experimentally examined cold sensing neurons, few attempts have been made to model their behavior mathematically. The first main attempts were of the Huber-Braun cold receptor variety which showed the desired response to temperature, but did not include TRPM8 channel activity or the ability to track sodium and potassium ion fluxes \[[@pone.0237347.ref009]\]. With the discovery of the importance of TRPM8 channels, models were created and parameters experimentally fit for TRPM8 channels and their activation curves \[[@pone.0237347.ref007]\]. These models include a version without menthol and two versions with menthol; the Hodgkin-Huxley version and the Monod-Wyman-Changeux type model. The development of a mathematical model of the TRPM8 channel allowed for including this new channel into a modified version of the Huber-Braun model \[[@pone.0237347.ref010]\]. Although successfully highlighting the importance of TRPM8 in creating a cold thermosensor, this model focuses only on cold sensitive neurons activating above 20°C and leaves out exploring what sets the temperature threshold level for activation and the corresponding role of potassium channels \[[@pone.0237347.ref010]\].

Here we develop a biologically driven model of a general cold thermosensor that includes the presence of TRPM8 channels. The foundation of this model is the Hodgkin-Huxley model from 1952 with the secondary component being the addition of the TRPM8 model without menthol from the Voets lab \[[@pone.0237347.ref011], [@pone.0237347.ref012]\]. The goals of our model are as follows:

1.  to explicitly track differences in temperature dependent response in cold sensitive neurons as it relates to having different ion channel densities

2.  to examine how specifically tuned high and low threshold cold sensitive neurons can be with regards to their activating and inactivating temperatures

3.  to showcase the ability of simple physiological models to examine biological features and questions in neuroscience that have proven difficult to examine experimentally.

Materials and methods {#sec002}
=====================

The model is composed of a general Hodgkin-Huxley neuron with an additional current through the TRPM8 channel \[[@pone.0237347.ref012]\]. All combined, this gives the following for membrane voltage *V* with gating variables *m*, *n*, *h*: $$\begin{array}{r}
{\frac{dV}{dt} = \frac{1}{Cm}\left( - I_{Na} - I_{K} - I_{l} - I_{m8} \right)} \\
\end{array}$$ $$\begin{array}{r}
{\frac{dj}{dt} = \Phi\left( T \right)\left\lbrack a_{j}\left( V \right)\left( 1 - j \right) - b_{j}\left( V \right)j \right\rbrack;j = m,n,h} \\
\end{array}$$

The Hodgkin-Huxley current equations have the form: $$\begin{array}{r}
{I_{Na} = g_{Na}m^{3}h\left( V - E_{Na} \right)} \\
\end{array}$$ $$\begin{array}{r}
{I_{K} = g_{K}n^{4}\left( V - E_{K} \right)} \\
\end{array}$$ $$\begin{array}{r}
{I_{l} = g_{l}\left( V - E_{l} \right)} \\
\end{array}$$ where *I*~*K*~ is the potassium current, *I*~*Na*~ the sodium current and *I*~*l*~ the leak current. The additional parameters include the equilibrium potentials of the various ions *E*~*Na*~, *E*~*K*~, *E*~*l*~, the maximum ionic conductances *g*~*Na*~, *g*~*K*~, *g*~*l*~ and the membrane capacitance *C*~*m*~. Finally, the rate constants *a*~*j*~ and *b*~*j*~ were experimentally fitted to exponential functions to give the 6 equations below: $$\begin{array}{r}
{a_{m}\left( V \right) = \frac{0.1\left( V_{r} - V + 25 \right)}{\text{exp}\left( \frac{V_{r} - V + 25}{10} \right) - 1}} \\
\end{array}$$ $$\begin{array}{r}
{B_{m}\left( V \right) = 4\text{exp}\left( \frac{V_{r} - V}{18} \right)} \\
\end{array}$$ $$\begin{array}{r}
{a_{h}\left( V \right) = 0.07\text{exp}\left( \frac{V_{r} - V}{20} \right)} \\
\end{array}$$ $$\begin{array}{r}
{B_{h}\left( V \right) = \frac{1}{\text{exp}\left( \frac{V_{r} - V + 30}{10} \right) + 1}} \\
\end{array}$$ $$\begin{array}{r}
{a_{n}\left( V \right) = \frac{0.01\left( V_{r} - V + 10 \right)}{\text{exp}\left( \frac{V_{r} - V + 10}{10} \right) - 1}} \\
\end{array}$$ $$\begin{array}{r}
{B_{n}\left( V \right) = 0.125\text{exp}\left( \frac{V_{r} - V}{80} \right).} \\
\end{array}$$

The final portion of the Hodgkin-Huxley parameters and equations are *V*~*r*~ which represents the equilibrium resting potential and Φ(*T*) which is a temperature dependent coefficient that adjusts the rate constants from having been experimentally calculated at 6.3°C. The values of all Hodgkin-Huxley parameters are *V*~*r*~ = −65mV, *E*~*Na*~ = *V*~*r*~ + 115mV, *E*~*K*~ = *V*~*r*~ − 12mV, *E*~*l*~ = *V*~*r*~ + 10.613mV, $\Phi(T) = 3^{\frac{T - 6.3}{10}}$, *g*~*Na*~ = 120mS/cm^2^, *g*~*K*~ = 36mS/cm^2^, *g*~*l*~ = 0.3mS/cm^2^, *C*~*m*~ = 1*μ*F/cm^2^. In addition to the Hodgkin-Huxley base model, we include a current for the cold sensing TRPM8 channel. We give the current the basic form: $$\begin{array}{r}
{I_{m8} = g_{m8}a_{m8}\left( V - E_{m8} \right)} \\
\end{array}$$ where, as before, *g*~*m*8~ is the maximal conductance of TRPM8 and *E*~*m*8~ the reversal potential for TRPM8 channels. From the Voets lab we have the open probability of the channel, *a*~*m*8~, is temperature dependent and given by $$\begin{array}{r}
{a_{m8} = \frac{1}{1 + \text{exp}\left( \frac{\Delta H - \left( T + 273.15 \right)\Delta S - zFV/1000}{R\left( T + 273.15 \right)} \right)},} \\
\end{array}$$ where Δ*H* and Δ*S* are the difference in enthalpy and entropy between the open and closed states, *z* is the gating charge, *F* and *R* are Faraday's and the universal gas constant, and *T* is temperature in degrees Celsius \[[@pone.0237347.ref007], [@pone.0237347.ref011]\]. With *R* and *F* being assigned their classical value, the remainder of the TRPM8 channel parameters were experimentally fit to yield $\Delta H = - 156\frac{\text{kJ}}{\text{mol}}$, $\Delta S = - 550\frac{\text{J}}{\text{molK}}$, *z* = 0.87, $R = 8.3144\frac{\text{J}}{\text{molK}}$, $F = 96485\frac{\text{C}}{\text{mol}}$. Note that the parameters to vary are the maximal conductance of the various ion channels, *g*~*m*8~, *g*~*K*~, *g*~*l*~ and *g*~*Na*~ and temperature *T*. These allow us to examine the neuron's response to temperature and how the relative densities of the ion channels present effect at which temperature level the neurons activate and inactivate. The reversal potential of the TRPM8 channels, *E*~*m*8~ has been experimentally shown to be near 0mV and hence for all analysis we set *E*~*m*8~ = 0 \[[@pone.0237347.ref013]\].

All bifurcation analysis is done using the software XPPAUT \[[@pone.0237347.ref014]\]. The temperature ramp and fixed temperature simulations are run in MATLAB \[[@pone.0237347.ref015]\].

Results {#sec003}
=======

Before analyzing the full model, it is important to see how temperature affects the basic Hodgkin-Huxley model (*g*~*m*8~ = 0). We begin by looking at the temperature and maximal potassium conductance *g*~*K*~ two parameter bifurcation diagram ([Fig 1](#pone.0237347.g001){ref-type="fig"}). Under the Hodgkin-Huxley model structure there are two types of stable, and hence observable, solutions. There is a stable steady state solution which occurs at the resting membrane potential and a stable periodic solution which is periodic action potential spiking. Note, the bifurcation diagrams presented in this analysis show separations of parameter space into regions with different solutions types.

![A two parameter bifurcation diagram of the Hodgkin-Huxley model depicting the relationship between temperature and *g*~*K*~.\
The blue curve represents the Hopf bifurcation while the black curve is a saddle-node-periodic (SNP) bifurcation. In region I there are no oscillatory solutions and only a stable steady state solution. In region II there is a stable and an unstable oscillatory solution in addition to a stable steady state solution. Region III has a stable oscillatory solution coexisting with an unstable steady state solution.](pone.0237347.g001){#pone.0237347.g001}

This parameter space is broken up into 3 regions by two curves. Region I corresponds to the parameter values that have no oscillatory solutions with only a stable steady state solution for the voltage variable *V*. In region II, sandwiched between the blue and black curves, we have the parameter values for which there exists both stable and unstable oscillatory solutions in addition to a stable steady state solution. In this region, the neuron's behavior (oscillatory or steady state) is dependent upon the given initial data. Finally, region III, the area bordered by the blue curve, has stable oscillatory solution coexisting with an unstable steady state solution. The curves are indicating the bifurcations that are occurring in parameter space. The black curve is representative of a saddle-node-periodic bifurcation (SNP) that corresponds to the creation of the two (one stable and one unstable) periodic solutions. Additionally, the blue curve is the Hopf bifurcation that corresponds to the transition to a stable oscillatory solution and unstable steady state. The final regions of interest are the meeting points between the SNP (black) and Hopf (blue) curves which are codimension 2 bifurcation points.

Analysis can be done on these bifurcation plots by fixing one parameter at specific values and then observing the dynamics of *V* as the other parameter changes. Starting at the standard Hodgkin-Huxley parameter values namely, *g*~*K*~ = 36, the neuron has a stable steady state for all temperature values which is seen by noting that the neuron is in region I. Consider a vertical slice with temperature set to 15°C and *g*~*K*~ = 36. As *g*~*K*~ is decreased, the neuron crosses the black (SNP) curve in [Fig 1](#pone.0237347.g001){ref-type="fig"} from region I to II, corresponding to the appearance of two oscillatory solutions, one unstable and one stable. Then continuing to decrease *g*~*K*~ leads the neuron to cross the blue (Hopf) curve into region III resulting in the unstable oscillatory solution disappearing. This analysis is encapsulated by the horizontal and vertical one parameter slices of this bifurcation diagram depicted in [Fig 2](#pone.0237347.g002){ref-type="fig"}.

![One parameter bifurcation slices of [Fig 1](#pone.0237347.g001){ref-type="fig"}.\
a) Horizontal slice through [Fig 1](#pone.0237347.g001){ref-type="fig"} with *g*~*K*~ set to 20, b) a vertical slice with temperature set to 25°C. The red curve corresponds to a stable steady state while the solid black curve represents an unstable steady state. The meeting point corresponds to a Hopf bifurcation with the blue and green curves denoting the amplitudes of the unstable and stable oscillatory solutions respectively. Regions are divided by dashed black lines. Region I corresponds to a regime with a single, stable steady state solution. In region II we have a stable steady state solution with a stable (green curve) and unstable (blue curve) oscillatory solution. In region III the oscillatory solution is stable with an unstable steady state solution.](pone.0237347.g002){#pone.0237347.g002}

The one parameter slices contain three regions of interest and four curves to keep track of. The regions are determined by the varying parameter along the *x* axis with all other parameters fixed for these plots. In region I we have only a stable steady state solution indicated by the red curve. In region II the steady state is still stable but there is an appearance of a stable oscillatory solution whose amplitude is indicated by the green curve and an unstable oscillatory solution which has an amplitude indicated by the dotted blue curve. The final region III transitions to an unstable steady state with a stable periodic solution whose amplitude is the green dashed curve. These slices also showcase the Hopf bifurcation point which occurs at the meeting between black and red curves and a SNP point which occurs at the meeting between blue and green curves. [Fig 2](#pone.0237347.g002){ref-type="fig"} shows more explicitly the features of the neuron's membrane potential, *V*, in response to parameter changes. It is important to note that for the top panel in [Fig 2](#pone.0237347.g002){ref-type="fig"}, *g*~*K*~ was decreased to 20 for any activation of the neuron to occur while recalling that the standard Hodgkin-Huxley value of *g*~*K*~ is 36.

The Hodgkin-Huxley framework also allows for an exploration of the ionic currents that haven't been previously explicitly stated to have roles in threshold determination. If we adjust the leak current maximal conductance *g*~*l*~ but keep *g*~*K*~ and *g*~*Na*~ at the Hodgkin-Huxley values, no temperature dependence can be found. Alternatively, an increase of the sodium current maximal conductance can give rise to temperature responsiveness ([Fig 3](#pone.0237347.g003){ref-type="fig"}).

![A two parameter bifurcation detailing the relationship between sodium maximal conductance, *g*~*Na*~ and temperature.\
The curve color and regions drawn are the same in meaning to those from [Fig 1](#pone.0237347.g001){ref-type="fig"}. Here *g*~*K*~ = 36 and *g*~*l*~ = .3.](pone.0237347.g003){#pone.0237347.g003}

While there exist oscillatory regimes in [Fig 3](#pone.0237347.g003){ref-type="fig"}, they don't arise unless *g*~*Na*~ is increased well above the Hodgkin-Huxley physiological value of *g*~*Na*~ = 120. Furthermore, at the first value for *g*~*Na*~ where periodic solutions arise, the oscillations only result from crossing a SNP, meaning depending on initial data the solution could be oscillatory or at stable steady state resting potential. Once *g*~*Na*~ reaches close to 200 at extreme low temperatures the neuron has crossed the Hopf bifurcation and into a region where the only stable solution is oscillatory.

Next, we add in the TRPM8 component of the model by making *g*~*m*8~ nonzero. We begin by showing a plot of the open probability of TRPM8 channels, *a*~*m*8~, in response to temperature at different physiological voltages ([Fig 4](#pone.0237347.g004){ref-type="fig"}). [Fig 4](#pone.0237347.g004){ref-type="fig"} gives a rough idea of how the TRPM8 current will respond to temperature and voltage which combined with the voltage simulation in [Fig 5](#pone.0237347.g005){ref-type="fig"} helps describe the neuron's overall behavior at different temperature levels.

![TRPM8 channel open probability plotted in response to temperature.\
Curve color corresponds to different membrane potential levels of -65mV(blue), -30mV(red), 0mV(yellow) and 20mV(purple).](pone.0237347.g004){#pone.0237347.g004}

![Sample traces of the neuron's membrane potential and TRPM8 current in response to different static temperature levels.\
a-d) Temperature is set to 15°, 12°, 8° and 5° Celsius respectively. The membrane voltage is in blue with the TRPM8 current overlaid in red. The red dashed line denotes where the TRPM8 current switches from inward (negative values) to outward (positive values). Here *g*~*m*8~ = 3 and all other parameter values are at set to Hodgkin-Huxley standards.](pone.0237347.g005){#pone.0237347.g005}

From [Fig 5](#pone.0237347.g005){ref-type="fig"} a few noticeable features arise as the fixed temperature level is decreased. With decreasing temperatures the simulation reveals decreasing amplitudes of the action potentials as a result of decreasing the maximum voltage attained ([Fig 5](#pone.0237347.g005){ref-type="fig"}). Additionally, the overall amplitude of the TRPM8 current continues to grow with decreasing temperatures. We note that since *E*~*m*8~ = 0 this allows for the TRPM8 current to be both inward and outward depending on the membrane potential. The change in TRPM8 current amplitude is mainly due to the increase in inward flux, although it is noteworthy that at 8°C and 12°C there's an increase in outward current. It is also informative to examine the behavior as *g*~*m*8~ is increased in response to a simulated temperature ramp ([Fig 6](#pone.0237347.g006){ref-type="fig"}).

![Membrane potential plotted against time in response to a simulated temperature ramp.\
a) The simulated change in temperature over time. b) The neuron's periodic spiking behavior response to the temperature change plotted against time with *g*~*m*8~ = 3. c) Here *g*~*m*8~ = 5. d) Here *g*~*m*8~ = 10. All other parameter values are set to Hodgkin-Huxley values.](pone.0237347.g006){#pone.0237347.g006}

Across the three different values of *g*~*m*8~ there are two consistent features, and one that arises as *g*~*m*8~ is increased. In all three plots there are large amplitude jumps in the oscillations when the neuron first turns on and when it turns off. Furthermore, in each of the three plots, the neuron's activity on the down ramp and up ramp of temperature appear asymmetric, with the oscillations on the increasing temperature ramp lasting longer. Finally, as *g*~*m*8~ is increased, the neuron ceases to have oscillations in the coldest temperature portion of the ramp. The plots with *g*~*m*8~ = 5 and *g*~*m*8~ = 10 also show how the oscillations shrink in amplitude as the neuron is exposed to decreasing temperatures.

Although these Voltage-Time plots give a general idea of the effect that TRPM8 channels have on the neuron's activation and inactivation, we wish to give fuller explanation of the interplay between each of the ionic currents and temperature. In [Fig 7](#pone.0237347.g007){ref-type="fig"} we focus on *g*~*m*8~ and its relationship with temperature in a two parameter bifurcation diagram. Critically, with *g*~*K*~ = 36, the standard Hodgkin-Huxley value, starting in region I on the right (30°C) and decreasing temperature turns on the neuron by crossing through the SNP bifurcation and then the Hopf bifurcation. We highlight the importance of the SNP bifurcation and region II in general as the existence of the unstable oscillatory solution implies that a slight perturbation or input could turn the neuron on from the stable steady state. Looking at horizontal slices of this two parameter bifurcation in [Fig 7](#pone.0237347.g007){ref-type="fig"} we easily see the shift of the temperature threshold. Changing *g*~*m*8~ = 3 to *g*~*m*8~ = 50 from [Fig 8a to 8b](#pone.0237347.g008){ref-type="fig"} changes how much less temperature must drop to turn the neuron on with higher *g*~*m*8~ values.

![a) A two parameter bifurcation demonstrating the relationship between temperature and *g*~*m*8~. b) a zoomed in version of [Fig 6a](#pone.0237347.g006){ref-type="fig"}. As in [Fig 1](#pone.0237347.g001){ref-type="fig"}, The blue curve represents the Hopf bifurcation while the black curve is a saddle-node-periodic (SNP) bifurcation. The regions are labeled as in [Fig 1](#pone.0237347.g001){ref-type="fig"}. Here *g*~*K*~ is set to 36.](pone.0237347.g007){#pone.0237347.g007}

![Horizontal one parameter bifurcation slices of [Fig 6](#pone.0237347.g006){ref-type="fig"}.\
a) A slice with *g*~*m*8~ set to 3. b) A horizontal slice with *g*~*m*8~ set to 50. In both a) and b) *g*~*K*~ = 36. Curve color and labeled regions are identical in meaning to those in [Fig 2](#pone.0237347.g002){ref-type="fig"}.](pone.0237347.g008){#pone.0237347.g008}

Returning to the high versus low threshold phenomenon, keeping otherwise standard Hodgkin-Huxley parameter values, increasing *g*~*m*8~ shifts the neuron from a higher to a lower activation threshold (Figs [7](#pone.0237347.g007){ref-type="fig"} and [8](#pone.0237347.g008){ref-type="fig"}). Additionally, with *g*~*m*8~ = 3 we can consider traveling horizontally through [Fig 9](#pone.0237347.g009){ref-type="fig"} at values *g*~*K*~ = 45 and *g*~*K*~ = 20. This shows that decreasing *g*~*K*~ shifts the Hopf and SNP curves further right thus requiring a lower drop in temperature in order to turn on. A representative vertical slice in [Fig 10](#pone.0237347.g010){ref-type="fig"} showcases the transitions from stable steady state solution to oscillatory and back.

![A two parameter bifurcation of the relationship between temperature and *g*~*K*~.\
Curve color and labeled regions are identical in meaning to those in [Fig 1](#pone.0237347.g001){ref-type="fig"}. Here *g*~*m*8~ = 3.](pone.0237347.g009){#pone.0237347.g009}

![A horizontal slice from [Fig 8](#pone.0237347.g008){ref-type="fig"}.\
Temperature is set to 20 degrees Celsius and *g*~*m*8~ is set to 3. Curve color and labeled regions are identical in meaning to those in [Fig 2](#pone.0237347.g002){ref-type="fig"}.](pone.0237347.g010){#pone.0237347.g010}

To summarize the relationship between TRPM8 and voltage gated potassium channels, plots of *g*~*m*8~ against *g*~*K*~ at four different temperature values are provided in Figs [11](#pone.0237347.g011){ref-type="fig"} and [12](#pone.0237347.g012){ref-type="fig"}. The first observation is that the total area of parameter space in which there are oscillations decreases as temperature decreases. Yet in spite of this, each plot has the feature that starting in region III, where there are oscillatory solutions, and decreasing *g*~*m*8~ takes the neuron to region I where there are no periodic solutions. This can then be counterbalanced by decreasing *g*~*K*~ to take the neuron back into region III. Similar transitions between regions takes place if *g*~*K*~ is decreased first followed by a decrease in *g*~*m*8~ (Figs [11](#pone.0237347.g011){ref-type="fig"} and [12](#pone.0237347.g012){ref-type="fig"}).

![a) Two parameter bifurcation of *g*~*m*8~ plotted against *g*~*K*~ with temperature set to 25°C. b) Two parameter bifurcation of *g*~*m*8~ plotted against *g*~*K*~ with temperature set to 15°C. Curve color and labeled regions are identical in meaning to those in [Fig 1](#pone.0237347.g001){ref-type="fig"}.](pone.0237347.g011){#pone.0237347.g011}

![a) Two parameter bifurcation of *g*~*m*8~ plotted against *g*~*K*~ with temperature set to 10°C. b) Two parameter bifurcation of *g*~*m*8~ plotted against *g*~*K*~ with temperature set to 5°C. Curve color and labeled regions are identical in meaning to those in [Fig 1](#pone.0237347.g001){ref-type="fig"}.](pone.0237347.g012){#pone.0237347.g012}

With a clearer idea of how the TRPM8 current interacts with temperature and the potassium current to determine the threshold level we turn to the sodium and leak currents. By increasing *g*~*m*8~ we can see the relationship temperature has with *g*~*Na*~ ([Fig 13](#pone.0237347.g013){ref-type="fig"}).

![Two parameter bifurcations showing the relationship between temperature and *g*~*Na*~.\
In the top plot *g*~*m*8~ = .5 and in the bottom *g*~*m*8~ = 1. Both *g*~*l*~ and *g*~*K*~ are set to Hodgkin-Huxley values. Curve color and region meaning is equivalent to other two parameter bifurcation plots.](pone.0237347.g013){#pone.0237347.g013}

At these low of values of *g*~*m*8~ we see similar behavior to [Fig 3](#pone.0237347.g003){ref-type="fig"}. Of note, the neuron now does turn on in the horizontal slice of *g*~*Na*~ = 120, but this still occurs only at extreme low temperatures. Furthermore we still see that for a tiny window of *g*~*Na*~ values we can obtain periodic solutions that are only a result of the SNP. Yet if we increment *g*~*m*8~ further we can see temperature specific windows of periodic solutions arise ([Fig 14](#pone.0237347.g014){ref-type="fig"}).

![Two parameter bifurcations showing the relationship between temperature and *g*~*Na*~.\
In the top plot *g*~*m*8~ = 3 and in the bottom *g*~*m*8~ = 10. Both *g*~*l*~ and *g*~*K*~ are set to Hodgkin-Huxley values. Curve color and region meaning is equivalent to those in [Fig 1](#pone.0237347.g001){ref-type="fig"}.](pone.0237347.g014){#pone.0237347.g014}

We see that with *g*~*m*8~ = 3, at values for *g*~*Na*~ between 60 and 100, horizontal slices result in the neuron turning on and off again at specific temperatures. Further emphasis of how these neurons' temperature responses can be finely tuned is shown for *g*~*m*8~ = 10. Horizontal slices at different *g*~*Na*~ values through [Fig 14b](#pone.0237347.g014){ref-type="fig"} reveal temperature windows of different lengths and of different intervals. A similar observation can be made about the effect the leak current has on the neuron's degree of response ([Fig 15](#pone.0237347.g015){ref-type="fig"}).

![Two parameter bifurcation plot relating *g*~*l*~ to temperature.\
Here *g*~*m*8~ = 3. All other parameters are set to Hodgkin-Huxley value with curve color and region meaning equivalent to those in [Fig 1](#pone.0237347.g001){ref-type="fig"}.](pone.0237347.g015){#pone.0237347.g015}

Taking a horizontal slice with *g*~*l*~ = .3 as it is in the canonical Hodgkin-Huxley formulation we have temperature sensitivity. Yet as with the sodium current, we can tune the width of temperature range in which this neuron is active by increasing *g*~*l*~.

Discussion {#sec004}
==========

As advancements are made in the field of neuroscience, labs are beginning to examine properties of a variety of different neuron classes. One of the classes that garnered some interest recently was cold thermosensors. Particular attention was given to the role of their ion channels, critically the TRPM8 and voltage gated potassium channels. Here we have developed a simple model of a cold thermosensor centered around a Hodgkin-Huxley base with an added TRPM8 component. The goal here was to create a physiological model that would allow for investigation into the roles and properties of the involved ion channels and how they interact with changes in temperature.

The first point we emphasize is that the Hodgkin-Huxley model at standard parameter values does not have sufficient temperature dependence to account for the known data. Adding a TRPM8 channel to the model results in the appearance of oscillatory solutions for the neuron with temperature decrease (Figs [8](#pone.0237347.g008){ref-type="fig"} and [9](#pone.0237347.g009){ref-type="fig"}). This coincides with lab findings highlighting the importance of TRPM8 channels within the class of cold thermosensors \[[@pone.0237347.ref002], [@pone.0237347.ref004], [@pone.0237347.ref005]\]. Previous work also highlights the variety of cold sensing neurons describing a range from high to low threshold neurons with a range of activation temperatures \[[@pone.0237347.ref003], [@pone.0237347.ref005]\]. One defining characteristic that separated high from low threshold was found to be the effectiveness of the TRPM8 channels \[[@pone.0237347.ref002], [@pone.0237347.ref008]\]. With a higher density of TRPM8 channels, the neuron can activate at higher temperature values \[[@pone.0237347.ref008]\]. Our model has this same graded temperature threshold showing that a change in maximal conductance of TRPM8 channels changes how far temperature must drop to obtain an oscillatory solution. Specifically, we show that at otherwise standard Hodgkin-Huxley parameter values with *g*~*m*8~ = 3 the temperature threshold is 15°*C* to turn on while at *g*~*m*8~ = 50 the threshold is 25°*C* (Figs [7](#pone.0237347.g007){ref-type="fig"} and [8](#pone.0237347.g008){ref-type="fig"}).

We also demonstrate what the oscillation profiles look like in response to different temperature levels. We show how the changes in the neuron's behavior is dependent on the growth of the TRPM8 inward current ([Fig 5](#pone.0237347.g005){ref-type="fig"}). The temperature ramp simulation with increasing TRPM8 maximal conductance helps give a clearer view of the response of what the neurons are physiologically exposed to ([Fig 6](#pone.0237347.g006){ref-type="fig"}). Figs [5](#pone.0237347.g005){ref-type="fig"} and [6](#pone.0237347.g006){ref-type="fig"} help provide insight into the cold receptor's activation and inactivation in response to increasing and decreasing temperatures.

Although TRPM8 channels were identified as a main determining factor in the identification of cold thermosensors, many labs also highlight the importance of voltage gated potassium channels \[[@pone.0237347.ref002], [@pone.0237347.ref008]\]. While previous mathematical models of cold sensors had the desired response to the lowering of temperature, they lacked the ability to track specific ionic currents \[[@pone.0237347.ref010]\]. With the Hodgkin-Huxley model as a basis for our model, the potassium flux was able to be explicitly tracked. Altering the potassium channel maximal conductance also found the model to be in agreement with previous lab findings. Lowering the maximal conductance of potassium channels *g*~*K*~, can transition the neuron from high to low threshold ([Fig 9](#pone.0237347.g009){ref-type="fig"}). Also shown in lab settings, TRPM8 and voltage gated potassium channels have offsetting effects \[[@pone.0237347.ref008]\]. If TRPM8 maximal conductance is lowered, the neuron can be made non-responsive to temperature as seen in Figs [11](#pone.0237347.g011){ref-type="fig"} and [12](#pone.0237347.g012){ref-type="fig"} by going from region III to I. This can then be reversed by decreasing the potassium maximal conductance which takes the neuron back into region III. We note that this counterbalancing effect stems primarily from *g*~*K*~ being an outward current with *g*~*m*8~ being a largely inward current due to their reversal potentials. Thus this offsetting affect may be a general feature due more to the ion channel current directions than to specific ion channel type.

Our modelling framework simultaneously allows for exploration of the effects of the sodium and leak currents. The sodium current does not appear to have a role in setting the threshold level. For the sodium current, with *g*~*m*8~ = 0, the neuron will only activate in the extreme temperature range and not until *g*~*Na*~ is drastically increased away from Hodgkin-Huxley value ([Fig 3](#pone.0237347.g003){ref-type="fig"}). We also notice that not until *g*~*m*8~ = 3 does the neuron have stable oscillatory solutions from crossing a Hopf bifurcation point near values of *g*~*Na*~ = 120 (Figs [13](#pone.0237347.g013){ref-type="fig"} and [14](#pone.0237347.g014){ref-type="fig"}). Although the sodium current does not appear to heavily dictate the threshold level for activation, it appears to have some control over the range of temperature the neuron can sense (Figs [13](#pone.0237347.g013){ref-type="fig"} and [14](#pone.0237347.g014){ref-type="fig"}). After *g*~*m*8~ is increased above 3, we see that different horizontal slices yield different temperature windows of activation and inactivation ([Fig 14b](#pone.0237347.g014){ref-type="fig"}). This implies that the specificity of exactly when the cold thermosensors turn on and off may be modulated by the number of sodium channels present.

This temperature window feature is also observable with alterations to the leak current maximal conductance. In particular with *g*~*l*~ = .3 as it is in Hodgkin-Huxley and *g*~*m*8~ = 3 we see the neuron turns on and stays on past 0°C ([Fig 15](#pone.0237347.g015){ref-type="fig"}). Yet increasing *g*~*l*~ to be between 1 and 2 we can see that for a horizontal slice we have a temperature value in which oscillatory solutions arise and then a second temperature before 0°C where the neuron returns to a stable steady state solution ([Fig 15](#pone.0237347.g015){ref-type="fig"}). The analysis of the sodium and leak currents indicates while the main threshold level is set by the relationship between the TRPM8 and potassium currents, these currents may still have a role to play. Finely tuned temperature responses may be dictated by the strength of the sodium and leak currents.

Finally, while the majority of previous work centered upon investigating at what point these cold sensing neurons turn on, this model provides additional insight into the neuron's inactivation. [Fig 4](#pone.0237347.g004){ref-type="fig"} shows the TRPM8 current is activated at these lower temperature for all relevant voltages. However, in Figs [5](#pone.0237347.g005){ref-type="fig"} and [6](#pone.0237347.g006){ref-type="fig"}, we can see the full behavior of the neuron at these lower temperatures, with a decrease in spiking amplitude height corresponding to an increase in inward TRPM8 current. From [Fig 7](#pone.0237347.g007){ref-type="fig"} we see that if *g*~*m*8~ is fixed at any value near or above 10, lowering temperature far enough will inactivate the neuron by returning it to region I. In particular, as seen in [Fig 8b](#pone.0237347.g008){ref-type="fig"}, region I on the left corresponds to only a single stable steady state. However, it is important to note that this steady state is at a much higher resting membrane voltage, -20mV, than the typical resting potential range of -65mV. This observation lends itself to the idea that either at extremely low temperatures the neuron is overstimulated and can no longer fire action potentials, or the current model does not include enough ion channels to fully encapsulate the behavior of cold sensing neurons in extreme temperatures.

We see a similar phenomenon at extreme low temperatures with regards to lowering *g*~*K*~. In the temperature window of 0° *C*-10° *C*, decreasing *g*~*K*~ causes the neuron to transition to region I with only a single steady state ([Fig 9](#pone.0237347.g009){ref-type="fig"}). As was seen in [Fig 8](#pone.0237347.g008){ref-type="fig"} when altering *g*~*m*8~, by decreasing *g*~*K*~ far enough the neuron is depolarized with a single steady state but at a much higher value, near -20mV, than a standard Hodgkin-Huxley neuron resting potential ([Fig 10](#pone.0237347.g010){ref-type="fig"}). These observations are corroborated by Figs [11](#pone.0237347.g011){ref-type="fig"} and [12](#pone.0237347.g012){ref-type="fig"} which highlight that as temperature decreases towards the extreme, the total area of region III decreases drastically. From this we can hypothesize that either the cold sensitive neurons at extremely low temperatures are extremely specific as to the densities of their ion channels, or as predicted by some, there are other channels at play including the TTX resistant *Na*~*V*~1.8 and possibly TRPVA1 channels \[[@pone.0237347.ref005], [@pone.0237347.ref008], [@pone.0237347.ref016]\].

Conclusion {#sec005}
==========

The general Hodgkin-Huxley structure of this model meant that specific ionic currents, could be tracked. Unlike in previous cold sensing neuron models where the types of ionic currents were not explicit, this new model allows for examination of high versus low threshold neurons and the specific temperature levels of activation and inactivation. We demonstrated the value an in-depth bifurcation analysis can provide for answering biological questions. This analysis helped solidify some of the primary features of cold sensing neurons: the presence of TRPM8 channels, different threshold neurons and the interplay between the TRPM8 current and the voltage gated potassium current. Additionally, the analysis showed that the leak and sodium currents could act as mediators of the temperature window in which these neurons activate. By starting with a physiological basis and then adding the highlighted current TRPM8, we were able to provide an improved overall understanding of the neuron class of cold thermosensors.

10.1371/journal.pone.0237347.r001

Decision Letter 0

McKemy

David D

Academic Editor

© 2020 David D McKemy

2020

David D McKemy

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

5 May 2020

PONE-D-20-10272

A mathematical model analyzing temperature threshold dependence in cold sensitive neurons

PLOS ONE

Dear Mr. McGahan,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

We would appreciate receiving your revised manuscript by Jun 19 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

David D McKemy

Academic Editor

PLOS ONE

Journal Requirements:

When submitting your revision, we need you to address these additional requirements.

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

Additional Editor Comments (if provided):

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.
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Reviewer \#2: Partly
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Reviewer \#1: N/A
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4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes
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5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: The work presents a mathematical model to analyze the temperature dependence of the threshold of cold sensitive neurons.

The model is simple, consisting only of Hogking-Huxley conductances plus a model of TRPM8 channels that are temperature and voltage dependent.

The effect of TRPM8 channels on the activity of cold sensitive neurons has been modeled before and the authors properly reference that fact. The novelty of this work is mainly the analysis of the model in terms of bifurcation theory.

Thus, the work is of interest for applied mathematicians working in mathematical biology but is not accessible for physiologists or neuroscientists, and thus of little interest for a wider public. This could probably be improved by providing plots of membrane voltage vs time.

Unfortunately, not enough information is provided to reproduce the results shown.

Below is a detailed list of comments in order of appearance in the manuscript

Abstract : "\... in determining a cold sensing neuron's degree of response."

How is the neuron\'s degree of response determined?

Line 41 "..., this model did not allow for the tracking of specific ion currents and thus investigation of the high versus low threshold question."

The model in the manuscript does not track specific ion currents either. See below

Line 47 "1) to explicitly track differences in temperature response in relation to having different

ion channel densities"

Temperature responses should be shown in time domain also to make the work accessible for non-specialists

Line 52. Material and methods should include a reference to the software used.

Reproducible research should include the scripts used in generating the figures shown in Results.

Line 54: "The model is composed of a general Hodgkin-Huxley neuron taken from Byrne and

Roberts"

Quote also, or instead, the original paper by HH

Line 56:

The model only includes Hodgking-Huxley channels and TRPM8. But cold sensitive neurons have many more types of channels specifically voltage-dependent Ca channels and much experimental evidence is obtained my measuring intracellular calcium concentration changes.

The physiological relevance of this simplified model should be dicussed.

Minor point: in all formulas, symbols for sodium, and potassium should be Na and K, no "na" and "k"

Line 73: Vr should be -65mV, no 65mV

Lines 74-75: The value of the parameter Iinput is not specified

Formula (13) is incorrect, the same symbol T is used to represent temperature in Celsius in the numerator, and in Kelvin in the denominator, that is clearly wrong.

Line 86 "Note that the parameters of interest are gm8 , gk , and T, \...",

However, gL and mainly gNa are also very important to determine the threshold in HH model, but have not been explored

Line 88: "The parameter Em8 will be discussed later with regards to its definition \..."

But it is never again mentioned in the manuscript, neither is its value specified.

Line 94 Fig 1., and all others should also show V(t) for each region if a wider audience is to be reached

Line 118 Fig. 2b Change black color in region 3 to another color (yellow, brown?) to avoid confusion with vertical black dotted lines. Same for Figs 4 and 6

Line 144 "keeping otherwise standard Hodgkin-Huxley parameter values, increasing g m8 shifts the neuron from high to a lower threshold (Fig 3, Fig 4)"

Relate this with the fact that TRPM8 has a reversal potential close to 0 mV

Line 146 "This shows that decreasing gk shifts the Hopf and SNP curves further right thus requiring a lower drop in temperature in order to turn on."

Relate this with the fact that gk has an equilibrium potential at -77 mV

Line 152 "the width of the curves decreases as temperature decreases"

Relate this with the fact that the shape of am8 vs T, with a negative slope that increases as T decreases.

Line 163 "The goal here was to create a physiological model that would allow for investigation into the roles and properties of the involved ion channels and how they interact with changes in temperature."

Yet only K and TRPM8 were explored, not Na nor Leak channels

Line 172 "The defining characteristic that separated high from low threshold was found to be the effectiveness of the TRPM8 channels. With a higher density of TRPM8 channels, the neuron can activate at higher temperature values."

To be more specific show a graph of Threshold vs TRM8 density

Line 184 "By utilizing Hodgkin-Huxley as a basis for the model, both sodium and

potassium fluxes were able to be explicitly tracked."

Yet no effect of gNa is shown

Lines 187-192 "Lowering the maximal conductance of potassium channels g k ,\..."

The inverse effect of gK and g8 should also be discussed in relation to its reversal potentials

Reviewer \#2: Numerical simulations of a sensory thermoreceptor are presented. The simulation comprised a single spatial compartment with Hodgkin-Huxley conductances and an additional TRPM8 conductance. Simulation of variations in temperature on H-H conductances alone, i.e. without TRPM8, revealed oscillatory behaviour occurring over a wide temperature range but only for very low values of the potassium conductance. The range of potassium conductance values and temperatures within which stable oscillatory behaviour is observed, enlarges with the addition of an explicitly temperature dependent TRPM8 conductance. The threshold temperature for the transition to stable oscillatory behaviour is shown to vary over a wide range commensurate with adjustment of the relative contributions of the potassium conductance (gK) and the TRPM8 conductance (gm8).

Using a framework distinct from the more common Huber-Braun formulation this dataset establishes that a simple combination of TRPM8 and standard HH conductances can replicate, prima facie, some features akin to firing behaviour for cold-sensitive neurons. A primary concern however is that the model, at least as presented, offers no justification that the stable oscillation result bears any resemblance to the firing patterns of cold receptors. This obscures the claim that transitions into stable oscillations actually represent, as the authors imply, an index of threshold. In addition, the implementation of simulation to investigate variations in temperature is not adequately described.

Each of these points are outlined in detail below.

Major points:

1\. A clarification of the time course and amplitude profile of the oscillations in membrane potential, both stable and unstable, would be helpful to assess whether oscillations are physiologically meaningful. For example, are the oscillations sub-threshold oscillations in membrane potential, i.e. a few millivolts below AP firing, or simply action potential transitions driven say by a steady state inward current? The amplitude for stable oscillations indicated in Figure 2 suggest the latter. In either case, the frequency of the oscillation(s) is paramount to ascertain their physiological relevance. Perhaps some simple plots of membrane potential against time could resolve this.

2\. The manuscript provides no clear definition of threshold. The reader must simply accept that a transition/bifurcation from a steady state membrane potential to an ill-defined oscillation (see point 1) represents something meaningful in terms of temperature coding. Threshold as it relates to the transition requires clarification and some degree of interpretation with regard to the biology that it is trying to emulate.

3\. It is unclear which type of cold neuron is being simulated. Principally there are two forms of sensory neurons that encode decreases in temperature (see review by Vriens et al, Nat Rev Neurosci 2014). The canonical and most abundant form of cold-sensitive neuron exhibits ongoing activity at "normal" skin temperature and can encode both dynamic and static aspects of temperature stimuli over a wide range. The second broad grouping of cold receptor are those that respond below a certain temperature threshold but often provide little encoding of actual temperature and are often termed cold nociceptors.

If the simulation aims to replicate firing for the first class then it does not perform particularly well. By this I mean that the range of temperatures over which oscillatory behaviour manifests in the simulation does not reflect the temperature range of this type of cold receptor in mammals. The only version of the simulation getting anywhere near ongoing activity at physiological skin temperatures around 32°C is, ironically, the HH formulation without gm8 (Figure 1) or with very low gm8 (Figure 5).

4\. How were variations in the temperature parameter actually implemented? This needs to be explicitly detailed in the manuscript. It appears that there are at least two possibilities here. For simulations, it is possible to simply start at any given temperature and run the simulation in time at this fixed starting temperature, then choose another starting temperature. This however would not reflect the biology. In physiological systems skin temperature is around 32°C and changes occur from this starting point. Since the simulation relies heavily on a concept of threshold, it would seem appropriate to evaluate changes in temperature simulated as they occur in nature, i.e. descending over time from a defined starting point.

Minor points:

1\. The manuscript is not adequately referenced. Please ensure that a citation is provided for each explicit reference to previously published data. For example,

pp.6, l.169: "This coincides with lab findings highlighting the importance of TRPM8 channels within the class of cold thermosensors." citation to clarify which lab!

pp.6, l.171: „Previous work also highlights the variety of cold sensing neurons describing a range from high to low threshold neurons." citation to indicate source of previous work!

2\. In what software environment was the simulation implemented?

3\. The code and resources should be made available via a public repository.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Editor Comments:

1\. Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at <https://journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <https://journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

We have altered the title page to conform with the style requirements. We also have submitted Figures and manuscripts with the appropriate naming convention.

Reviewer 1 Comments

Abstract : "\... in determining a cold sensing neuron's degree of response."

How is the neuron\'s degree of response determined?

Through bifurcation analysis we examine when and how the neuron activates and inactivates.

Line 41 "..., this model did not allow for the tracking of specific ion currents and thus investigation of the high versus low threshold question."

The model in the manuscript does not track specific ion currents either. See below

We now have bifurcation analysis of the sodium and leak current interactions with temperature in figures 12-14. We show that without additional TRPM8 current, there is no temperature dependence at physiological (Hodgkin-Huxley) values for these current densities. With an added TRPM8 current we show that changing the sodium and leak currents can finely tune the temperature range in which the neuron would exhibit oscillatory behavior.

Line 47 "1) to explicitly track differences in temperature response in relation to having different

ion channel densities"

Temperature responses should be shown in time domain also to make the work accessible for non-specialists

Figures 4 and 5 now provide some membrane voltage plots against time to show the oscillations in response to temperature decrease. We have shown responses to both a simulated temperature ramp and fixed temperatures.

Line 52. Material and methods should include a reference to the software used.

Reproducible research should include the scripts used in generating the figures shown in Results.

Line 54: "The model is composed of a general Hodgkin-Huxley neuron taken from Byrne and

Roberts"

Quote also, or instead, the original paper by HH

Cited the original paper.

Line 56:

The model only includes Hodgkin-Huxley channels and TRPM8. But cold sensitive neurons have many more types of channels, specifically voltage-dependent Ca channels and much experimental evidence is obtained by measuring intracellular calcium concentration changes.

The physiological relevance of this simplified model should be discussed.

The purpose of this analysis is to provide insight for how temperature sensitivity can be regulated in a generic way. Most likely there are other ways that the same regulation can be accomplished, (i.e., other types of ion channels), but the same basic interplay of inward (TRPM8) and outward (g_k) currents is likely to be at play.

Minor point: in all formulas, symbols for sodium, and potassium should be Na and K, no "na" and "k"

Fixed

Line 73: Vr should be -65mV, no 65mV

Fixed.

Lines 74-75: The value of the parameter Iinput is not specified

We've deleted I_input as we never apply an additional external input current to the system in our analysis.

Formula (13) is incorrect, the same symbol T is used to represent temperature in Celsius in the numerator, and in Kelvin in the denominator, that is clearly wrong.

Adjusted the formula so that all temperatures are in Celsius.

Line 86 "Note that the parameters of interest are gm8 , gk , and T, \...",

However, gL and mainly gNa are also very important to determine the threshold in HH model, but have not been explored

We have added bifurcation analyses showing the relationship of gl and gNa with temperature.

Line 88: "The parameter Em8 will be discussed later with regards to its definition \..."

But it is never again mentioned in the manuscript, neither is its value specified.

We've cited and explained what the value of Em8 that we are using.

Line 94 Fig 1., and all others should also show V(t) for each region if a wider audience is to be reached

Figure 4 showcases a representation of V(t) in response to changing of temperature. Then the one parameter slices highlight the important features of when the neurons activate and inactive and the manner in which they do so.

Line 118 Fig. 2b Change black color in region 3 to another color (yellow, brown?) to avoid confusion with vertical black dotted lines. Same for Figs 4 and 6

We have noted in figure captions that the black dotted lines divide the regions.

Line 144 "keeping otherwise standard Hodgkin-Huxley parameter values, increasing g m8 shifts the neuron from high to a lower threshold (Fig 3, Fig 4)"

Relate this with the fact that TRPM8 has a reversal potential close to 0 mV

We have included some membrane potential plots that also track the TRPM8 current in Figure 4. These show for a fixed value of g_m8 how temperature changes affect the behavior of the neuron.

Line 146 "This shows that decreasing gk shifts the Hopf and SNP curves further right thus requiring a lower drop in temperature in order to turn on."

Relate this with the fact that gk has an equilibrium potential at -77 mV

We now touch on the reversal potentials of the TRPM8 channels and potassium channels in establishing the threshold levels in the discussion. In particular we discuss how the offsetting effects these channels have are a result of their current type (inward, outward).

Line 152 "the width of the curves decreases as temperature decreases"

Relate this with the fact that the shape of am8 vs T, with a negative slope that increases as T decreases.

In figure 4 we emphasize how the TRPM8 current changes in response to temperature changes for fixed levels of g_m8.

Line 163 "The goal here was to create a physiological model that would allow for investigation into the roles and properties of the involved ion channels and how they interact with changes in temperature." Yet only K and TRPM8 were explored, not Na nor Leak channels

We've now examined these currents and their influence on threshold level and general temperature dependence.

Line 172 "The defining characteristic that separated high from low threshold was found to be the effectiveness of the TRPM8 channels. With a higher density of TRPM8 channels, the neuron can activate at higher temperature values."

To be more specific show a graph of Threshold vs TRM8 density

The bifurcation analysis of gm8 versus Temperature shows the threshold level of activation and inactivation for these cold sensitive neurons.

Line 184 "By utilizing Hodgkin-Huxley as a basis for the model, both sodium and

potassium fluxes were able to be explicitly tracked."

Yet no effect of gNa is shown

Lines 187-192 "Lowering the maximal conductance of potassium channels g k ,\..."

The inverse effect of gK and g8 should also be discussed in relation to its reversal potentials

We emphasize that the inverse effect is also present in the bifurcation diagrams and discuss the reversal potentials as they relate to current type (inward, outward).

Reviewer 2 Comments

1\. A clarification of the time course and amplitude profile of the oscillations in membrane potential, both stable and unstable, would be helpful to assess whether oscillations are physiologically meaningful. For example, are the oscillations sub-threshold oscillations in membrane potential, i.e. a few millivolts below AP firing, or simply action potential transitions driven say by a steady state inward current? The amplitude for stable oscillations indicated in Figure 2 suggest the latter. In either case, the frequency of the oscillation(s) is paramount to ascertain their physiological relevance. Perhaps some simple plots of membrane potential against time could resolve this.

We're provided some plots of membrane potential against time. In particular we show the response of the neuron to a temperature ramp, showcasing what these oscillations look like and how the neuron jumps from steady state to oscillatory solutions. We also show what the neuron's action potentials look like with a fixed g_m8 level and changing temperature levels. In addition we show how the changes in the action potentials and oscillatory behavior correspond to changes in TRPM8 current.

2\. The manuscript provides no clear definition of threshold. The reader must simply accept that a transition/bifurcation from a steady state membrane potential to an ill-defined oscillation (see point 1) represents something meaningful in terms of temperature coding. Threshold as it relates to the transition requires clarification and some degree of interpretation with regard to the biology that it is trying to emulate.

We have addressed this in the second paragraph in the introduction. We define threshold to be the temperature level at which the neuron activates. We are interested in exploring when the neurons turn on and off, and what influences this behavior. Furthermore we explore how well tuned this temperature response can be by exploring the width of the temperature responsive windows.

3\. It is unclear which type of cold neuron is being simulated. Principally there are two forms of sensory neurons that encode decreases in temperature (see review by Vriens et al, Nat Rev Neurosci 2014). The canonical and most abundant form of cold-sensitive neuron exhibits ongoing activity at "normal" skin temperature and can encode both dynamic and static aspects of temperature stimuli over a wide range. The second broad grouping of cold receptors are those that respond below a certain temperature threshold but often provide little encoding of actual temperature and are often termed cold nociceptors.

If the simulation aims to replicate firing for the first class then it does not perform particularly well. By this I mean that the range of temperatures over which oscillatory behaviour manifests in the simulation does not reflect the temperature range of this type of cold receptor in mammals. The only version of the simulation getting anywhere near ongoing activity at physiological skin temperatures around 32°C is, ironically, the HH formulation without gm8 (Figure 1) or with very low gm8 (Figure 5).

The simulation focuses mainly on the second broad grouping of cold nociceptors. We aim to give a general description of how temperature sensitivity may be encoded. The analysis emphasizes the activation and inactivation temperatures for these neurons and shows that this model can explain a gradient of temperature windows for which these neurons will oscillate.

4\. How were variations in the temperature parameter actually implemented? This needs to be explicitly detailed in the manuscript. It appears that there are at least two possibilities here. For simulations, it is possible to simply start at any given temperature and run the simulation in time at this fixed starting temperature, then choose another starting temperature. This however would not reflect the biology. In physiological systems skin temperature is around 32°C and changes occur from this starting point. Since the simulation relies heavily on a concept of threshold, it would seem appropriate to evaluate changes in temperature simulated as they occur in nature, i.e. descending over time from a defined starting point.

In figure 4 we provide a simulated temperature ramp experiment that takes the neuron and exposes it to decreasing and then increasing levels of temperature. In figure 5 we expose the neuron to varying fixed temperature levels. For the bifurcation analysis we used XPPAUT, a numerical continuation method. This method continuously varies the parameters of interest (the different maximal conductances and temperature) and then examines the solution type (steady state, oscillatory). Thus for diagrams, moving through parameter space into region III the neuron transitions to firing action potentials.

Minor points:

1\. The manuscript is not adequately referenced. Please ensure that a citation is provided for each explicit reference to previously published data. For example,

pp.6, l.169: "This coincides with lab findings highlighting the importance of TRPM8 channels within the class of cold thermosensors." citation to clarify which lab!

pp.6, l.171: „Previous work also highlights the variety of cold sensing neurons describing a range from high to low threshold neurons." citation to indicate source of previous work!

We have provided more citations and cited statements that needed to be cited.

2\. In what software environment was the simulation implemented?

The temperature ramp and fixed temperature simulations were done using MATLAB, the bifurcation analysis uses XPPAUT.

3\. The code and resources should be made available via a public repository.

XPPAUT is interactive software for which no explicit code is generated.
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